The sinter-bonding method was used to produce AISI 316L/17-4 PH components by conventional powder metallurgy technology. The production process consisted of following steps: the powder layering, copressing and co-sintering processes. The co-sintering process was carried out at different sintering temperatures (1200, 1250 and 1300°C), and times (60, 90 and 120 min) in hydrogen atmosphere. The effect of co-pressing and co-sintering conditions on the ability to create a permanent connection between AISI 316L and 17-4 PH stainless steels was investigated. The densification, dimensional change and microstructural evolution of sintered AISI 316L/17-4 PH components were studied. The increase in co-pressing pressure as well as using of the longer time and the higher temperature of co-sintering process contributed to increase in AISI 316L/17-4 PH component density. The dilatometric study as well as dimensional changes measurements revealed an appropriate sintering compatibility for AISI 316L and 17-4PH steels when the sintering process was carried out at the temperature of 1200°C for time ranging from 60 to 120 min and at 1250°C for shorter sintering times. The sintering at temperature of 1300°C (regardless of other manufacturing conditions) led to a significant deviation from the cylindrical shape of samples, as a result of difference of shrinkage of AISI 316L and 17-4 PH steels. Microstructural study indicated that AISI 316L and 17-4 PH steels creates a good diffusion joint (without any cracks and warpage) during the hightemperature sintering process. Nickel diffusion takes place from the AISI 316L to 17-4 PH stainless steel, and copper and molybdenum diffuse in opposite direction of nickel diffusion. It is possible to achieve a solid connection between two materials exhibiting difference in chemical composition by using sinter-bonding and conventional powder metallurgy technology.
Introduction
The demands of market in an area of engineering materials are getting greater. Hence, it is important that the designed and fabricated materials could fulfill desirable requirements in specific applications. It is obvious that none of the materials fully satisfy all requirements but a combination of different properties is possible to obtain in composites. They are very attractive for lots of applications due to unique properties.
It can also be seen the rapid growth of interest in the area of joined materials (Ref . These materials are increasingly used in engineering applications because of their special properties, for example high strength-to-weight ratio, corrosion or erosion resistance, high-temperature resistance or hightemperature strength (Ref 1) . The joined materials are usually composed of layers made of two similar or dissimilar (in terms of chemical composition) materials (predominantly metals/ alloys or ceramic), which are permanently connected to each other. Using appropriate joining techniques, it is possible to produce finished elements in the form of the whole uniform product. An ability to join dissimilar materials enables to creation of lightweighting structures for automotive industry, modern medical implants, useful tools, equipment for consumers, and many other products (Ref [2] [3] [4] [5] [6] [7] .
Joining techniques may be also applied in powder metallurgy technology ( Ref 1, 3, 5, [7] [8] [9] [10] . It is important to note that the most significant property of sintered materials is porosity, because of the influence on the choice of joining process and quality of obtained joint (Ref 3, 5, 7, 11) . Sintered parts with density below 6.5 g cm À3 have the large pore volume. That is why, they should not be joined using methods related to local remelting. The recommended joining processes of these parts are diffusion welding, sinter-bonding, adhesive joining and brazing. The sintered parts with density higher than 7.2 g cm À3 can be welded. A wide variety of processes can be used to join in the case of intermediate density level (Ref 5) . However, resistance projection welding and friction welding are preferred (Ref 3-5, 7, 11) . It should be emphasized that using an additional joining operation (such as welding) has some disadvantage. It is a further step of production and needs appropriate devices so it entails an increase in product manufacturing cost ( Ref 2, 5, 13) .
In the case of the sintered parts, besides universal joining techniques such as welding or brazing, sinter-bonding and sinter-brazing are increasingly used (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) .
Sinter-bonding (also called sinter diffusion bonding) is a specific joining method applied only in powder metallurgy technology. It is increasingly being used on an industrial scale, especially by the largest manufacturers of sintered parts ( Ref 3, 5, 6, 8) . Usually, sinter-bonding relies on simultaneous sintering process of two green compacts, which are placed in furnace one on top of the other ( Ref 3, 5, 6, 9) . They can be prepared using the same or different powders (or powder mixtures). The connection between these green compacts is created during sintering as the result of solid-state diffusion, liquid-state diffusion or mechanical interlocking (Ref 3, 5, 8) . Furthermore, the connection can be created using a bonding agent (which is placed between green compacts) or without it. It is also possible to joint green compact with part made of wrought material (Ref 5, 14) . Sinter-bonding may be achieved by using different PM techniques such as conventional copressing and co-sintering ( Ref 6, [8] [9] [10] 16) (Ref 9, 10) were joined together during co-sintering. The studies focused on the influence of the techniques and conditions of sinter-bonding on an interface formation between two materials as a result of co-sintering, the densification, an evolution of microstructure as well as the microstructural characterization in order to achieve the crack-free complex products. It can be stated that sintering conditions have a significant effect on the densification and the co-sintering behaviors. Thus, they must be properly selected and controlled during co-sintering process (Ref 15, 24) .
Using powder layering technique and co-pressing (for example, compaction with floating die, single-action as well as double-action mode of uniaxial pressing and cold isostatic pressing) or co-injection molding and then co-sintering, bimaterials components can be produced from AISI 316L and 17-4 PH stainless steels powders (Ref 6, 15, 16, 20, (22) (23) (24) . In this way, the joining of the two different materials can be combined with the production of complex-shaped components. It is an attractive and economical production method of the two-body products. AISI 316L and 17-4 PH steels have great industrial applications. They exhibit a good corrosion resistance and high strength. AISI 316L is non-magnetic, while 17-4 PH is magnetic. Products made as AISI 316L and 17-4 PH components could be magnetic properties at one area and nonmagnetic properties at another area. In order to achieve such products, it is necessary to select the appropriate parameters of co-pressing and co-sintering processes which enable to obtain a good solid connection in combination with the stability of the product shape.
Not much published information (Ref 6, 15) is available on the sinter-bonding of AISI 316L and 17-4 PH steels using a conventional PM, namely co-pressing and co-sintering processes. It should be noted that it is one of the most advantageous solutions because of low cost and simple production of elements. Based on a literature review, it can be stated that AISI 316L/17-4 PH components are usually produced by other PM techniques, mostly co-injection molding and then co-sintering (Ref 16, 20, [22] [23] [24] .
The densification and microstructure of 316L/17-4 PH bilayers were studied (Ref 15). They were produced using commercially available gas atomized stainless steel powders by co-pressing and co-sintering at temperatures ranging from 1100 to 1340°C for 120 min in hydrogen and vacuum. The mismatch strain and strain rate of bilayer during co-sintering process were calculated. It was found that the strain rate of 17-4 PH was higher than that of 316L during sintering. This caused mismatch strain between two layers and affected the densification rate of the bilayer. It should be pointed out that too high densification rate increases the danger of interface cracking and product deformation. It was found that materials should be sintered in a hydrogen atmosphere due to the higher density and the lower mismatch strain and strain rate between layers. 17-4 PH and 316L steels show a similar sintering response with a maximum strain incompatibility of 0.5%.
Based on a literature review, it can be stated that the influence of the pressing pressure was not analyzed and particular analysis of the influence of all sintering process parameters on densification, microstructure evolution or sintering compatibility of AISI 316L and 17-4 PH steels was not performed.
The present work concerns the application of sinter-bonding method to join dissimilar materials. The commercially available water atomized stainless steel powders of AISI 316L and 17-4 PH and the powder layering technique in combination with copressing and co-sintering were used to produce AISI 316L/17-4 PH components. The effect of co-pressing and co-sintering parameters on the densification, sintering compatibility and microstructural evolution of AISI 316L/17-4 PH components was investigated.
Experimental Procedure
Commercial available powders of 17-4 PH stainless steel (corresponding with standards: ASTM-A564 grade 630; UNS S17400) supplied by AMETEK and AISI 316L stainless steel (corresponding with standards: UNS S31603; EN 1.4404) provided by Höganäs were used. These grades of powders were produced by water atomization method. The chemical composition of applied powders is given in Table 1 . Table 2 presents the typical properties of used powders. The powders of AISI 316L and 17-4PH steels have a nominal particle size < 150 lm ( Table 3) .
The powder layering method and co-pressing were used to prepare the green compacts. At first, a chamber of the die was filled by an appropriate amount of AISI 316L powder. In order to equalize powder on the top, the die was slightly shaken up. Then the powder was lightly pressed by manual pressure of upper punch. Afterward, an appropriate amount of 17-4 PH powder was added on the top of the flattened AISI 316L layer. The die was lightly shaken up once again, and then powders were uniaxially co-pressed in a rigid die at 400 or 600 MPa. In this way, the cylindrical samples with diameter of 20 mm and height of 5 mm were obtained. The volumes of both powders in green compact were almost the same. The green compacts were sintered in a Nabertherm furnace in a pure (99.9992%) and dry (dew point below À 60°C) hydrogen atmosphere. The flow rate of the gas was 100 ml/min. The isothermal sintering temperature was 1200, 1250 or 1300°C. The sintering time was 60, 90 or 120 min. The samples were slowly heated to the isothermal sintering temperature at a rate of 5°C/min. The same rate was applied during the cooling of the samples from sintering temperature to ambient temperature.
In order to compare the properties, the cylindrical samples were also prepared from AISI 316L and 17-4PH powders as described above.
The density measurements of green compacts were carried out using the geometrical method. The sintered density and open porosity were measured by the water-displacement method (according to PN-EN ISO 2738:2001 norm). Before and after sintering, all samples were measured in order to estimate dimensional changes (PN-EN ISO 4492:2013-07E).
Dilatometric investigations were carried out in the horizontal NETZSCH 402E dilatometer.
Metallographic cross sections were prepared. The microstructural study of the investigated materials was done with Nikon Eclipse ME 600P Light Optical Microscope and SEM microscope JSM550LV produced by Joel. Using linear and point microanalysis (EDS), chemical composition was appointed along the line (perpendicular to the joining) passing through both layers.
Results and Discussion
Based on the literature review (Ref 6, 8, 16, 22, 25, 26) , it can be stated that co-sintering of two dissimilar materials requires similarity of their densification behavior. These materials should have also similar sintering characteristics, for example, shrinkage rate as well as final shrinkage and the range of sintering temperature. It is important because of avoidance of interfacial stresses ( Ref 16, 22, 25, 26) . The control of the sintering shrinkage of both materials is necessary in order to ensure of appropriate densification and to avoid cracks or distortion. It can be stated that it is well founded to ensure an accurate control of heating and cooling rates during sintering process (Ref 6, 25) . Figure 1 shows the average values of green density for AISI 316L/17-4 PH components depending on the co-pressing pressure. For comparison, the results of green density measurement for each individual steel are also shown in Fig. 1 . As expected, the pressing pressure significantly improves densification of green compacts. Independent of pressing pressure, AISI 316L steel has better compressibility than 17-4 PH. Although the green density value of AISI 316L/17-4 PH component is located between those for AISI 316L and 17-4 PH steels, it does not represent the average value. In fact, it is very close to green density value of AISI 316L steel. Figures 2 and 3 show, respectively, the comparison of sintered density for AISI 316L/17-4 PH components and AISI 316L and 17-4 PH steels (depending on the temperature and time of sintering process) in the case of pressing under pressure of 400 and 600 MPa. Here also, density of co-pressed and cosintered AISI 316L/17-4 PH component is between densities of AISI 316L and 17-4 PH steels. It is visible that it is not the average density of these stainless steels.
As expected, the increase in pressing pressure led to improve the sintered density of all studied materials. It should be noted that the difference between sintered density and green density was significantly greater (nearly twice) in the case of 400 MPa pressing pressure in comparison with 600 MPa. Regarding influence of sintering conditions on density, longer time and higher temperature of sintering process contributed to an increase in density. As can be seen, the higher temperature and the longer time contributed to the more intensive density increase. This dependence was observed for each of studied materials. It was observed that for AISI 316L steel the increase in sintered density as a result of increase in sintering temperature is insignificant in comparison with 17-4 PH steel. The same applies to the influence of increase in sintering time on density. These statements are true for both of applied pressing pressures. Independent of the used pressing pressure and sintering time, 17-4 PH steel sintered at 1200°C possessed lower density than AISI 316L, whereas after sintering at 1250 and 1300°C, this relationship is inverse. It was found (Ref 27, 28 ) that d ferrite is formed during the sintering of 17-4 PH stainless steel in hydrogen atmosphere at a temperature above 1220°C. It occurs along the grain boundaries. The appearance of d ferrite greatly enhances the sintering process, resulting in better densification and the elimination of pores. Hence, the sintering rate of 17-4 PH steel is greater than AISI 316L. It can be stated that longer time and higher temperature of sintering process contributed to a significant increase in density of AISI 316L/17-4 PH component. It is comparable to that for 17-4 PH steel.
It is commonly known that the densification of material is strongly dependent on the sintering temperature (Ref 15) . This was confirmed in work (Ref 20) relating to produce (by microco-injection molding) very small components in the following systems, 316L/17-4 PH and 316L/Fe (Ref 23, 24) . The density of these components increases with the sintering temperatures and holding times.
It was observed an enhanced densification due to sintering shrinkage and compatibility between steels and interlayer diffusion of the alloying elements at high temperature in the case of co-sintering of composite layers containing M2 tool steel and 316L stainless steel (Ref 16) .
Measurements of samples height were carried out before and after sintering process in order to designate dimensional changes. The results are presented in Fig. 4 and 5 depending on parameters of pressing and sintering process. In the case of all studied materials, the samples shrank after sintering. It can be seen that the amount of shrinkage (determined by means of Dh) was different dependent on manufacture conditions. Generally, the shrinkage of samples was larger for 17-4 PH steel compared to AISI 316L. The shrinkage of AISI 316L/17-4 PH component is nearly comparable to the average shrinkage of individual steels regardless of sintering conditions.
It was found that after sintering at 1200°C the difference between values of Dh for AISI 316L and 17-4 PH is almost the same regardless of other manufacturing conditions. While after sintering at 1250°C for 90 as well as 120 min, 17-4 PH steel exhibited much greater dimensional changes than AISI 316L steel. As might be seen, the sintering at temperature of 1300°C (regardless of other manufacturing conditions) resulted in a significant difference between values of Dh for AISI 316L and 17-4 PH. In effect, the geometry of AISI 316L/17-4 PH component samples was altered. A conicity of the lateral surface appeared. It can be stated that the higher temperature and the longer time may result in some sintering incompatibility between AISI 316L and 17-4 PH steels and cause the appearance of cracks and warpage in the connection area.
The sintering compatibility of investigated stainless steels depends on the sintering temperature. It is visible that sintering at lower temperature ensured better sintering compatibility of studied materials in term of the shrinkage value but the densification was worse. The compatibility of different mate- rials for sinter-bonding process was also investigated in terms of effect of material characteristic and conditions of production on the sintering behavior. For example, it was found that the maximum mismatch strain in 316L/17-4 PH couple was 2.8%, whereas it was 12.7% for 316L/Fe (Ref 23, 24) . Thus, it was considered that the sintering compatibility between 316L and 17-4 PH steels is appropriate for co-injection molding, while it is not suitable in the case of 316L steel/iron couple. It turns out that a solid connection between two materials could be achieved by selection of appropriate materials as well as process parameters. It was demonstrated that formation of a solid connection between two materials is possible even if they exhibit relevant difference in chemical composition or in the sintering behavior (Ref 15, 19, 22) .
The dilatometry is commonly used to determine the materials compatibility. Figure 6 shows the dilatometric curves of AISI 316L and 17-4 PH steels pressed at 600 MPa and then sintered in hydrogen at 1250°C for 60 min. The presented curves show the dimensional changes occurring during sintering versus temperature. The data obtained during dilatometric study of AISI 316L and 17-4 PH steels are presented in Table 4 . Dilatometric tests revealed the lower starting temperature of the sintering process and higher dimensional change during heating but the lower values of dimensional changes during isothermal sintering and cooling for 17-4 PH steel in comparison with AISI 316L steel. The difference between values of total dimensional change for both steels is 0.65%. It can be stated that 17-4 PH steel and AISI 316L steels show a similar sintering response and their compatibility for sinterbonding process is favorable. Figure 7 shows the microstructures (after mechanical polishing) of AISI 316L/17-4 PH components depending on conditions of co-pressing and co-sintering processes.
It can be observed that the layers of AISI 316L and 17-4 PH steels were strongly joined together in studied components during the high-temperature sintering. It was not found any cracks and warpage in the connection area for all studied AISI 316L/17-4 PH components. It means that regardless of processing conditions AISI 316L and 17-4 PH steels formed a correct connection.
It can be seen that AISI 316L steel possessed greater porosity compared to 14-7 PH steel, irrespective of pressing and sintering conditions. In AISI 316L steel layer, the pores have irregular shape and tend to interconnect, whereas they are considerably smaller, isolated and rounded in 17-4 PH steel layer. It is also noticeable that the porosity (in term of size and shape of pores) was changed due to changes in manufacturing conditions. Generally, it can be stated that the increase in all parameters of manufacture process has contributed to reduce the porosity of sintered steels.
An example of SEM microstructure with the intensity distribution of individual elements for AISI 316L/17-4 PH component is shown in Fig. 8 . It is obvious that there is a substantial difference in the nickel level in studied stainless steels. (The content of nickel is lower in 17-4 PH than in AISI 316L.) Moreover, there is no copper in AISI 316L steel, and 17-4 PH is without molybdenum addition.
SEM microstructure of selected AISI 316L/17-4 PH component and the concentration profiles of the major elements, i.e., iron, chromium, nickel, molybdenum and copper are shown in Fig. 9 . The concentration of nickel is low in the layer of 17-4 PH steel, then it continuously increases as it approaches the AISI 316L side of the component and reaches the highest value in AISI 316L layer. (It confirms the nickel diffusion from AISI 316L to 17-4 PH.) The same applies to molybdenum. While the change in the concentration of copper is reverse to that of the concentrations of nickel and molybdenum, whereas no changes in the concentration of Cr were observed. It has been shown that nickel and molybdenum diffuse into 17-4 PH and copper diffuses into AISI 316L. It visibly shows that the concentration of the above elements varies fluently passing from one layer of steel to another and the formation of an interdiffusion zone takes place.
The comparison of concentration profiles of nickel, copper and molybdenum across the interdiffusion zone in dependence of time and temperature of co-sintering process is presented in Fig. 10 . It is evident from the profiles that a width of the interdiffusion zone in AISI 316L/17-4 PH component is influenced by the conditions of the isothermal co-sintering. Namely, in the case of lower temperature the width of this zone is smaller (about 50 lm), while it slightly increases to about 100 lm in case of co-sintering at 1250°C. The same is true for co-sintering time. It was found that the longer time as well as the higher temperature of co-sintering process result in wider interdiffusion zone in AISI 316L/17-4 PH components and nickel penetrates deeper into the 17-4 PH steel.
Conclusions
Using commercially available grades of stainless steels powders, AISI 316L/17-4 PH components were produced by a simple powder layering technique, co-pressing and then cosintering processes. The effect of production conditions on densification, dimensional changes and microstructural evolution of sintered AISI 316L/17-4 PH components was investigated.
The dilatometric study as well as dimensional changes measurements revealed an appropriate sintering compatibility for AISI 316L and 17-4PH steels when the sintering process was carried out at the temperature of 1200°C for time ranging from 60 to 120 min and at 1250°C for shorter sintering times.
As expected, the density of AISI 316L/17-4 PH components as well as individual steels increased with the increase in copressing pressure as well as co-sintering time and temperature. The sintering at temperature of 1300°C (regardless of other manufacturing conditions) led to a great increase in material densification and creation of a solid good connection between AISI 316L and 17-4 PH in studied components; however, sintering compatibility is not sufficient. In effect, a significant deviation from the cylindrical shape of samples appeared. It should be noted that this infringement of sample shape is unfavorable from the application point of view. The solution of above-mentioned sintering compatibility problem may enhance the sintering process of AISI 316L steel, for example, by using a suitable activator (Ref 29) . In effect, it should lead to an increase in shrinkage, densification after sintering; however, it should not impair the usable properties of the base material.
The microstructural study indicated that regardless of processing conditions AISI 316L and 17-4 PH steels create a good diffusion joint during the high-temperature co-sintering. There are not any cracks and warpage in the connection area. The concentration profiles of the main elements showed that nickel and molybdenum diffuse into the 17-4 PH and Cu diffuses into the AISI 316L. The interdiffusion zone is formed. It was found that the longer time as well as higher temperature of co-sintering process result in wider interdiffusion zone in AISI 316L/17-4 PH components and deeper penetration of nickel into the 17-4 PH steel.
It was demonstrated that it is possible to achieve a solid connection between two materials exhibiting difference in chemical composition by using sinter-bonding and conventional powder metallurgy technology.
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